1. Introduction {#sec1}
===============

Permeation of molecules into cell membranes is a fundamental process in the life cycle of cells. There are many different factors affecting dynamic behaviors of the permeated molecules through cell membranes. Among them, membrane dipole potential, which is defined as the difference of electrostatic potential between the bulk water region (having a high dielectric constant) and the membrane hydrophobic center (having a low dielectric constant), plays a critical role.^[@ref1],[@ref2]^ The seminal experimental studies of Gawrisch et al.^[@ref3]^ have revealed that the dipole potential is primarily associated with the preferential alignment of lipid headgroups and interfacial water molecules and the positive contribution of water to the dipole potential is significant because of the existence of ordered water molecules at membrane interfaces. For instance, in the case of zwitterionic phosphatidylcholine (PC) lipid bilayers, it has been demonstrated that the preferential orientation of lipid headgroups has a counteracting effect on that of interfacial water molecules. Because the negative contribution of lipid molecules to the dipole potential can be overcompensated by the positive contribution of interfacial water molecules, this would lead to a positive dipole potential inside the PC lipid membranes, in which different experiments and molecular dynamics (MD) simulations agree with each other.^[@ref4]−[@ref11]^

Nevertheless, it has been shown that fixed-charge water models tend to overestimate the values of the dipole potential compared to experiments.^[@ref12]−[@ref14]^ The overestimation is attributed to the mean-field treatment of many-body polarization in the membrane--water interfacial region.^[@ref6],[@ref8]^ In our previous work,^[@ref15]^ we attempted to investigate the effect of fixed-charge water models on the dipole potential by carrying out atomistic MD simulations of diphytanyl PC (ether--DPhPC) and diphytanoyl PC (ester--DPhPC) lipid bilayers. We discovered that the water and lipid contributions to the dipole potential vary with the water models employed. This is reasonable because the orientation of lipid headgroups and interfacial water molecules (with respect to the bilayer normal) should be influenced by water models. In addition, our work showed that the overestimation of the calculated dipole potential can be effectively improved using a fixed-charge water model with a better description of electrostatic interactions. However, the correlation between the interfacial water orientation and the dipole potential remains to be elucidated.

Recent progress on vibrational sum frequency generation (VSFG) spectroscopy^[@ref16]−[@ref19]^ enables us to investigate the preferential orientation of interfacial water molecules. Allen et al.^[@ref20]^ employed phase-sensitive VSFG (PS-VSFG) spectroscopy to explore interfacial water structure at membrane--water interfaces, demonstrating that the negative charge of the phosphate group would exert a dominant impact on the interfacial water structure and the hydrogen atoms of interfacial water molecules orient toward the lipid tails. Tahara et al.^[@ref21]^ used the heterodyne-detected VSFG (HD-VSFG) spectroscopy to investigate the orientation of water molecules at zwitterionic lipid--water interfaces, and they concluded that there are three distinct types of water orientations coexisting at the zwitterionic lipid--water interfaces: (1) the water around phosphate (the negatively charged group) prefers a "H-up orientation" (the hydrogen atoms of water orient toward the hydrophobic center); (2) the water near choline (the positively charged group) favors a "H-down orientation" (the hydrogen atoms of water orient toward the bulk water region); and (3) the water close to the hydrophobic region chooses a H-up orientation. Nevertheless, the orientation of interfacial water molecules is poorly understood at the microscopic level.

Molecular dynamics (MD) simulations were used by Nagata and Mukamel^[@ref22]^ to investigate the properties of interfacial water molecules, showing that the orientation of interfacial water molecules is governed by lipid hydrophilic headgroups instead of lipid glycerol groups. Meanwhile, the MD work by Nagata and Mukamel^[@ref22]^ suggested that the orientation of near-bulk water molecules is strongly influenced by the surrounding water molecules. Based on all-atom MD simulations, Sugita and co-workers^[@ref23]^ reported the existence of a mosaic of interfacial water orientation at a membrane--water interface. The MD study by Sugita et al.^[@ref23]^ revealed that the orientation of phosphate-associated water is opposite to that of the choline-associated one, in consistence with the observations revealed by the HD-VSFG experiment.^[@ref21]^ Recently, MD simulations carried out by Morita et al.^[@ref24]^ demonstrated that the interfacial water molecules associated with phosphate orient toward the lipid side (H-up orientation) and the interfacial water molecules in the vicinity of the choline groups orient toward the bulk water region (H-down orientation), in consistence with the VSFG experiments.^[@ref20],[@ref21]^ However, as for these MD studies, it is known that the orientation of interfacial water molecules should be influenced by the water models used, which is less well understood.

In this study, we carried out MD simulations of palmitoyl-oleoyl-phosphatidylcholine (POPC) lipid bilayer using two different water models: CHARMM TIP3P (termed TIPS3P)^[@ref25],[@ref26]^ and TIP4P.^[@ref27]^ Please note that the TIPS3P water model implemented for the CHARMM force field^[@ref28]^ is a slightly modified version of the traditional TIP3P water model.^[@ref26]^ First, we explored the influence of water models on the dipole potential of the POPC bilayer. Our results revealed that the use of the TIP4P water model can considerably improve the overestimation of the dipole potential calculated with the TIPS3P water model. Second, we investigated the effect of water models on the orientation of lipid hydrophilic groups, finding that the orientation of P--N vector (connecting the P atom of phosphate group and the N atom of choline group) is sensitive to the water models used. Finally, we compared the impact of the TIPS3P and TIP4P water models on the orientation of interfacial water molecules. We discovered that the TIPS3P model magnifies the dipole potential relative to the TIP4P model owing to the excessive preference of the H-up orientation (water dipole orients toward the bilayer center).

2. Results and Discussion {#sec2}
=========================

2.1. Influence of Water Models on the Dipole Potential {#sec2.1}
------------------------------------------------------

In this work, atomistic MD simulations of POPC lipid bilayer were performed using the CHARMM36 force field with the two different water models (TIPS3P and TIP4P) respectively. Based on the MD simulation trajectories, we constructed the number density profiles for phosphate (PO~4~) and choline (CHOL) of lipid, which are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. It appears that the choice of water models has an insignificant influence on the number density of PO~4~ along the bilayer normal. From the number density profile of PO~4~ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A), it is straightforward to calculate the thickness of the POPC bilayer, which is defined as the phosphate-to-phosphate distance (*d*~HH~) in this work. For the comparison purpose, we also employed the grid-based method (GridMAT-MD)^[@ref29]^ to determine the bilayer thickness. The calculated results are collected in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, showing that the lipid bilayer thickness varies insignificantly with the water models used here. Meanwhile, it is seen that the experimental value^[@ref30]^ is slightly overestimated by the MD simulations.

![Number density profiles for the (A) phosphate (PO~4~) and (B) choline (CHOL) groups of lipid, obtained from the CHARMM36 atomistic simulations of POPC lipid bilayer with two different water models: TIPS3P (black) and TIP4P (red).](ao0c01633_0001){#fig1}

###### Physical Properties of the POPC Lipid Bilayer Calculated from the CHARMM36/TIPS3P and CHARMM36/TIP4P Simulations and Comparison between the Simulations and Experiments[a](#t1fn1){ref-type="table-fn"}

                                                TIPS3P                                        TIP4P         experiment
  --------------------------------------------- --------------------------------------------- ------------- ----------------
  bilayer thickness *d*~HH~ (nm)                3.91 ± 0.23                                   3.89 ± 0.22   3.7^[@ref30]^
  3.93 ± 0.34[b](#t1fn2){ref-type="table-fn"}   3.93 ± 0.34[b](#t1fn2){ref-type="table-fn"}                 
  area per lipid *A*~p~ (nm^2^)                 0.64 ± 0.01                                   0.64 ± 0.01   0.64^[@ref31]^
  0.64 ± 0.01[b](#t1fn2){ref-type="table-fn"}   0.64 ± 0.01[b](#t1fn2){ref-type="table-fn"}                 
  dipole potential ϕ~d~ (V)                     0.85 ± 0.05                                   0.60 ± 0.04   0.36^[@ref32]^

For the comparison purpose, we also employed the grid-based method (GridMAT-MD) to measure the values of bilayer thickness and area per lipid. The experimental value of POPC bilayer thickness was determined by Kučerka et al.,^[@ref30]^ that for the area per lipid was obtained by Kučerka et al.,^[@ref31]^ and the experimental dipole potential of POPC lipid bilayer was measured by Haldar et al.^[@ref32]^

Using the grid-based method (GridMAT-MD).^[@ref29]^

Piggot et al.^[@ref33]^ have demonstrated that the bilayer thickness of POPC varies with the parameters used in the MD simulations, including the type of lipid force field, the size of simulation box, the cutoff value of neighbor list, the size of integration step, and so on. They have shown that the overestimation of bilayer thickness can be improved by decreasing the integration step size to 1 fs. Nevertheless, we found that other physical properties of lipid bilayer are influenced insignificantly by increasing the integration step to 2 fs. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B shows that the water models used here yield different results for the number density of CHOL. This implies that the preferential orientation of the P--N vector (connecting the P atom of PO~4~ to the N atom of CHOL) should be influenced by the water models used here, which will be discussed below.

The area per lipid *A*~p~ for the POPC bilayer can be calculated based on the following equationwhere *A*~*xy*~ represents the area of bilayer surface (*x*--*y* plane) and *N* corresponds to the total number of lipids. Similarly, we also used the GridMAT-MD method to calculate the area per lipid *A*~p~. The obtained results for *A*~p~ with the two methods are compared in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, showing that both the methods give the same prediction of *A*~p~ and the simulated results nicely match the experimental one. Meanwhile, one can see from [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} that the calculated results for *A*~p~ are independent of the choice of water models.

The electrostatic potential ϕ(*z*) along the bilayer normal (*z*-axis) can be computed through the double integration of local charge density ρ(*z*)^[@ref7]^where ε~0~ represents the vacuum permittivity. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the electrostatic potential profile constructed from the MD simulations with two different water models. In this work, the dipole potential is defined as the difference of the electrostatic potential between the bilayer center (\|*z*\| = 0.0 nm) and the bulk water region (\|*z*\| \> 3.0 nm). The calculated results are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. It is seen in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} that the dipole potential calculated with the TIPS3P water model is more than double of that measured from the experiment by Haldar et al.^[@ref32]^ However, the calculated dipole potential decreases by 0.25 V when using the TIP4P water model, and this suggests that the overestimation of the dipole potential can be improved by employing a water model with a better description of electrostatic interactions, which is in agreement with our previous work.^[@ref15]^

![Electrostatic potential profile for the POPC lipid bilayer simulated with two different water models: TIPS3P (black) and TIP4P (red).](ao0c01633_0004){#fig2}

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} illustrates the calculated results for the water and lipid contributions to the electrostatic potential along the bilayer normal of the POPC lipid bilayer. The TIPS3P and TIP4P simulations consistently reveal that the contribution to the dipole potential is positive from water and negative from lipid. However, it is seen in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} that these contributions are very sensitive to the water models used here. Specifically, the water and lipid contributions are both substantially overestimated by the TIPS3P water model compared to the TIP4P water model. [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} shows a comparison between the TIPS3P and TIP4P water models in the calculation of the dipole potential as well as the individual contributions from water and lipid. One can see from [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} that the impact of water models is more obvious on the water contribution than on the lipid contribution, explaining why the TIP4P water model can considerably improve the overestimation of the dipole potential by the TIPS3P water model. Meanwhile, the substantial change (more than 1.0 V) in the water and lipid contributions should reflect a change in the orientation of lipid headgroups and interfacial water molecules, which will be discussed in the following section

![Electrostatic potential profiles for the individual contributions of (A) water and (B) lipid, obtained from the CHARMM36/TIPS3P (black) and CHARMM36/TIP4P (red) simulations.](ao0c01633_0005){#fig3}

###### Dipole Potential Obtained from the CHARMM36/TIPS3P and CHARMM36/TIP4P Simulations, Including the Individual Contributions from Water and Lipid as well as Their Differences

                               TIPS3P          TIP4P           absolute difference between the two models
  ---------------------------- --------------- --------------- --------------------------------------------
  contribution of water (V)    4.80 ± 0.05     3.49 ± 0.04     1.31 ± 0.05
  contribution of lipid (V)    --3.95 ± 0.05   --2.89 ± 0.04   1.06 ± 0.05
  total dipole potential (V)   0.85 ± 0.05     0.60 ± 0.04     0.25 ± 0.05

2.2. Effect of Water Models on the Orientation of Lipid Headgroups {#sec2.2}
------------------------------------------------------------------

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A presents the number density profile for water in the POPC bilayer membrane, in which a comparison is made between the TIPS3P and TIP4P water models. It appears that more TIPS3P water molecules are allowed to penetrate into the membrane--water interface compared to TIP4P water molecules. In addition, the radial distribution functions (RDFs) obtained from the TIP4P simulation are compared to those from the TIPS3P simulation in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B--D, displaying that the positions of the peaks in the RDFs shift toward larger distances. This is probably due to the different strengths of interactions between lipid headgroups and water molecules, which consequently would influence the orientation of lipid headgroups and interfacial water molecules.

![(A) Number density profile for water in the POPC bilayer membrane, and radial distribution functions (RDFs) of (B) *g*(P--O), (C) *g*(C21--O), and (D) *g*(C31--O), obtained from the CHARMM36/TIPS3P (black) and CHARMM36/TIP4P (red) simulations. In the insets in (B, C), P represents the phosphorus atom of phosphate group, C21 represents the carbon atom of oleoyl chain, C31 corresponds to the carbon atom of palmitoyl chain, and O corresponds to the oxygen atom of water.](ao0c01633_0006){#fig4}

It has been established that the negative contribution of lipid to the dipole potential strongly correlates with the orientation of lipid headgroups. To measure the orientation of lipid headgroups, we calculated the tilt angle θ~PN~ of the P--N vector (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A) with respect to the bilayer normal (*z*-axis). θ~PN~ is equal to 0 or 180° if the P--N vector is completely parallel to the bilayer normal, and θ~PN~ is 90° when the P--N vector is perpendicular to the bilayer normal. In this work, the N-down orientation is defined as θ~PN~ \< 90° and the N-up orientation is defined as θ~PN~ \< 90°, as shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01633/suppl_file/ao0c01633_si_001.pdf) of the Supporting Information. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B displays the simulated probability distribution of θ~PN~ (normalized with a distribution from random orientation), demonstrating that the N-down orientation (the lipid headgroup dipole orients toward the bulk water region) is preferred over the N-up orientation, and [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} reveals the influence of water models on the orientation of lipid headgroup.

![(A) Definition of the tilt angles of the P--N and O=C vectors with respect to the bilayer normal (*z*-axis). Probability distributions of (B) θ~PN~, (C) θ~OC~ of the oleoyl chain (unsaturated hydrophobic chain), and (D) θ~OC~ of the palmitoyl chain (saturated hydrophobic chain). The angle distributions were normalized with a distribution from random orientation.](ao0c01633_0007){#fig5}

###### Percentage of the Population of the Up and Down Orientations, Calculated Based on the Probability Distributions of θ~PN~ and θ~OC~ Given in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}

           P--N vector   O=C vector of oleoyl chain   O=C vector of palmitoyl chain                 
  -------- ------------- ---------------------------- ------------------------------- ------ ------ ------
  TIPS3P   68.3          31.7                         38.5                            61.5   16.7   83.3
  TIP4P    63.4          36.6                         38.8                            61.2   14.4   85.6

Meanwhile, the average tilt angle ⟨θ~PN~⟩ of the P--N vector can be calculated based on the probability distribution ρ(θ)The final results are given in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}, showing that ⟨θ~PN~⟩ is around 70°, and it is very close to the experimental result for the PC headgroup (about 72°).^[@ref33]^ In addition, it is seen in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} that ⟨θ~PN~⟩ is increased by about 4° when using the TIP4P water model. Owing to an increase in ⟨θ~PN~⟩ (see [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}) or a decrease in the population of N-down orientation (see [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}), the P--N vector would become more parallel to the bilayer surface (*x*--*y* plane), consequently decreasing the negative contribution of the lipid to the dipole potential (see [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). Furthermore, although the average tilt angle ⟨θ~PN~⟩ of the P--N vector is not greatly influenced by the choice of water models, [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} shows that the TIP4P model substantially decreases the lipid contribution by 1.06 V relative to the TIPS3P model. This suggests that the dipole potential should be very sensitive to the orientation of lipid headgroups. The absolute values of headgroup order parameter for POPC have been measured by experiment and MD simulaitons.^[@ref34],[@ref35]^ The order parameters (*S*~CH~) for the POPC headgroup segments (defined in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01633/suppl_file/ao0c01633_si_001.pdf) of the Supporting Information) were respectively calculated from the TIPS3P and TIP4P simulations, showing that the CHARMM36 force field with the TIPS3P and TIP4P models can reproduce the experimental order parameters (given in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01633/suppl_file/ao0c01633_si_001.pdf) of the Supporting Information). In particular, the order parameters for the β-carbon atom are slightly closer to experiments in the TIP4P simulation than in the TIPS3P simulation, indicating that the lipid headgroup tilt is more realistic in the TIP4P model.

###### Average Tilt Angles \<θ\> of the P--N Vector and the O=C Vectors with Respect to the Bilayer Normal (*z*-axis), Calculated Based on the Probability Distributions of θ~PN~ and θ~OC~ Given in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}

           P--N vector (deg)   O=C vector of oleoyl chain (deg)   O=C vector of palmitoyl chain (deg)
  -------- ------------------- ---------------------------------- -------------------------------------
  TIPS3P   68.5                96.6                               115.6
  TIP4P    72.4                96.4                               117.8

It has been shown by Harder et al.^[@ref6]^ that lipid ester groups play a less important role in influencing the dipole potential compared to the phosphate and choline groups of lipid. However, it is observed in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C,D that the strength of interactions between the ester groups and water is differently influenced by the water models employed here. Thus, it would be interesting to investigate how the TIP4P model affects the orientation of O=C vector (given in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A) when comparing to the TIP3P model. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C,D illustrates the probability distributions of the tilt angles θ~OC~ of the oleoyl and palmitoyl chains. In this study, the C-down orientation is defined as θ~OC~ \< 90° and the C-up orientation is defined as θ~OC~ \< 90°, as shown in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01633/suppl_file/ao0c01633_si_001.pdf) of the Supporting Information. It is shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} that the choice of water models has a limited impact on the orientation of the carbonyl groups of oleoyl and palmitoyl chains. Meanwhile, one can see from [Tables [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} and [4](#tbl4){ref-type="other"} that the carbonyl groups of oleoyl and palmitoyl chains both favor the C-up orientation (the carbon atom of the carbonyl group orients toward the bilayer center).

2.3. Impact of Water Models on the Orientation of Interfacial Water Molecules {#sec2.3}
-----------------------------------------------------------------------------

From the MD simulation trajectories, we attempted to investigate the impact of water models on the orientation of interfacial water molecules by measuring the tilt angle θ~SOL~ between the water dipole and the bilayer normal (shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}A). In our calculations, the tilt angles θ~SOL~ (*z*) of water molecules were computed as a function of the *z* distance from the bilayer center (see [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}B). Similarly, the H-down orientation is defined as θ~SOL~ \< 90° and the H-up orientation is defined as θ~SOL~ \< 90°, as shown in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01633/suppl_file/ao0c01633_si_001.pdf) of the Supporting Information. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} illustrates the probability distributions (normalized with a distribution from random orientation) of θ~SOL~ in five representative slabs (or at five representative distances), which were calculated from the TIPS3P and TIP4P simulations. Based on the probability distributions, we determined the orientation of water and the percentage of the H-up and H-down populations as a function of the *z* distance from the bilayer center, given in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. It is seen that the H-up orientation is more preferred than the H-down orientation in the region from \|*z*\| = 1.6 to 2.6 nm. Especially, the strongest H-up orientation is found around \|*z*\| = 2.1 nm, where the phosphate and choline groups are located (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). This is reasonable because the favorable orientation of the lipid P--N vector is the N-down orientation in this region (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}) and the preferential N-down orientation would have a counteracting effect on the orientation of interfacial water molecules (illustrated in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01633/suppl_file/ao0c01633_si_001.pdf) of the Supporting Information),^[@ref36],[@ref37]^ leading to the strong H-up orientation in the region of lipid headgroups.

![Probability distributions of θ~SOL~ at five different locations (distances from the bilayer center are 1.2, 1.7, 2.1, 2.5, and 3.0 nm), obtained from the (A) TIPS3P and (B) TIP4P simulations. θ~SOL~ is defined as the angle of water dipole with respect to the bilayer normal (given in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}A). The H-down orientation is defined as θ~SOL~ \< 90°, and the H-up orientation is defined as θ~SOL~ \< 90°. The distributions were normalized with a distribution from random orientation.](ao0c01633_0008){#fig6}

![(A) Average orientation of water molecules and (B) the percentage of the H-up and H-down populations as a function of the *z* distance from the bilayer center, obtained from the TIPS3P (black) and TIP4P simulations. The H-down orientation is defined as θ \< 90°, and the H-up orientation is defined as *θ* \> 90°. \<θ\> represents the average tilt angle, and \<θ~0~\> represents the average angle (90°) from the distribution of random orientation.](ao0c01633_0009){#fig7}

On the bulk water side of lipid headgroups (\|*z*\| \> 2.2 nm), one can see that the water orientation gets more random as the *z* distance increases. This is because the water orientation is strongly affected by bulk water molecules, which orient randomly. On the other side of lipid headgroups (\|*z*\| \< 2.0 nm), it is observed that the preference of H-down orientation increases as the *z* distance decreases and the transition occurs between the H-down and H-up orientations. It is intriguing that the carbonyl groups of the oleoyl and palmitoyl chains are located around \|*z*\| = 1.5 nm (see [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). This suggests that the switch between the H-up orientation and the H-down orientation should be related to the carbonyl groups. For instance, it is seen in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} that the carbonyl groups of lipid have a net C-up orientation. The preferential C-up orientation should have an offsetting effect on the neighboring water molecules, causing the preferential H-down orientation in this region (\|*z*\| \< 1.5 nm), as illustrated in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01633/suppl_file/ao0c01633_si_001.pdf) of the Supporting Information.

![Number density profiles for (A) the carbon atom C21 of the ester group of the oleoyl chain and (B) the carbon atom C31 of the palmitoyl chain, obtained from the CHARMM36 atomistic simulations of POPC lipid bilayer with two different water models: TIPS3P (black) and TIP4P (red).](ao0c01633_0010){#fig8}

It is seen in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} that the H-up orientation is more preferred by the TIPS3P water than by the TIP4P water. This indicates that the TIPS3P model amplifies the positive contribution of water to the dipole potential compared to the TIP4P model because of the excessive preference of the H-up orientation (water dipole orients toward the bilayer center). In addition, on the lipid tail side of the headgroups (\|*z*\| \< 1.5 nm), it is shown that the TIP4P water model increases the population of H-down orientation more notably than the TIPS3P model. It is known that the preference of the H-down orientation would reduce the water contribution to the dipole potential.

Based on the first minimum positions of the RDFs given in [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01633/suppl_file/ao0c01633_si_001.pdf) of the Supporting Information, interfacial water molecules were divided into different types, shown in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01633/suppl_file/ao0c01633_si_001.pdf) of the Supporting Information. For instance, P-associated water is defined as within 0.35 nm (*d*~O--P~ ≤ 0.35 nm and *d*~O--N~ \> 0.40 nm) of the phosphorus atom of phosphate group, N-associated water as within 0.4 nm (*d*~O--N~ ≤ 0.40 nm and *d*~O--P~ \> 0.35 nm) of the nitrogen atom of choline group, and PN-associated water as the bridging water between the phosphate and choline groups (*d*~O--P~ ≤ 0.35 nm and *d*~O--N~ ≤ 0.40 nm). Note that the P-associated and N-associated waters exclude the bridging waters between the phosphate and choline groups. [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}A,B presents the orientation of the N-associated water as a function of the *z* distance from the bilayer center, showing that more H-down-orientated waters are located on the bulk water side of lipid headgroups (\|*z*\| \> 2.4 nm) and more H-up-orientated waters on the other side (\|*z*\| \< 2.4 nm). In contrast, as for the P-associated water, the preferred regions of the H-up and H-down orientations are reversed, shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}C,D. This suggests that the phosphate and choline groups should oppositely influence the water structure, in consistence with the MD work by Sugita et al.^[@ref23]^ By integrating the populations of the H-down and H-up orientations, we found that the P-associated water favors a net H-up orientation (making positive contribution to membrane dipole potential), while the N-associated water prefers a net H-down orientation (making negative contribution to membrane dipole potential), in agreement with the HD-VSFG experiment performed by Tahara et al.^[@ref21]^ It is observed in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}E,F that the PN-associated water shows a similar pattern to that of the P-associated water, which strongly prefers the H-up orientation. This might imply that the negative charge of the phosphate group should have a predominant influence on the orientation of interfacial water molecules in the region of lipid headgroups, in support of the PS-VSFG experiment by Allen et al.^[@ref20]^ This is reasonable because water molecules form stronger hydrogen bonds with the negatively charged phosphate groups compared to the positively charged choline group.^[@ref21]^ In fact, the oxygen atoms of the phosphate group are the more probable sites to accept hydrogen bonds compared to the hydrogen atoms of the choline group. Furthermore, the influence of the lipid headgroups on the orientation of water should depend on the strength of hydrogen bonds. Thus, owing to the overpreference of H-up orientation at membrane--water interface, the negative contribution of the lipid headgroup dipole can be overcompensated by the positive contribution of the water dipole, leading to the positive dipole potential inside membrane.

![Average tilt angle \<θ\> of (A) N-associated water, (C) P-associated water, and (E) PN-associated water as a function of the *z* distance from the bilayer center. Percentage of the H-up and H-down populations for (B) N-associated water, (D) P-associated water, and (F) PN-associated water as a function of *z* distance from the bilayer center. The calculated results were obtained from the TIPS3P (black) and TIP4P simulations. The H-down orientation is defined as *θ* \< 90°, and the H-up orientation is defined as *θ* \> 90°. \<θ\> represents the average tilt angle, and \<θ~0~\> represents the average angle (90°) from the distribution of a random orientation.](ao0c01633_0011){#fig9}

Based on the first minimum positions of the RDFs given in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, OLE-associated and PAL-associated waters are defined as within 0.37 nm of the carbon atoms of oleoyl and palmitoyl chains, as shown in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01633/suppl_file/ao0c01633_si_001.pdf) of the Supporting Information. It is seen in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} that the preference of H-up orientation decreases as the *z* distance increase. This is reasonable because the preferential C-up orientation (shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}) of carbonyl groups would have a counteracting effect on the neighboring water molecules. However, the effect is different because the carbonyl groups of the oleoyl and palmitoyl chains have different orientations. As for the OLE-associated water, the H-down orientation is dominant on the hydrophobic side (\|*z*\| \< 1.5 nm) while the H-up orientation is favored on the headgroup side (\|*z*\| \> 1.5 nm), and the TIP4P water has stronger orientation selectivity than the TIPS3P water, as shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}A,C. As for the PAL-associated waters, the H-up orientation is still favored by both the TIP4P and TIPS3P models ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}B,D). In [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}, we compared the preference of the H-up and H-down orientations for all OLE-associated and PAL-associated waters, showing that the H-up orientation is still dominant for the PAL-associated waters but the preference of H-up orientation is weak for the OLE-associated water. This suggests that lipid carbonyl groups are of great importance for the orientation of interfacial water molecules close to the hydrophobic region of lipid, which has been pointed out by Nagata et al.^[@ref38]^

![Average tilt angle \<θ\> of (A) OLE-associated water and (B) PAL-associated water, and the percentage of the H-up and H-down populations for (C) OLE-associated water and (D) PAL-associated water as a function of the *z* distance from the bilayer center. The calculated results were obtained from the TIPS3P (black) and TIP4P simulations. The H-down orientation is defined as θ \< 90°, and the H-up orientation is defined as θ \> 90°. \<θ\> represents the average tilt angle, and \<θ~0~\> represents the average angle (90°) from the distribution of a random orientation.](ao0c01633_0002){#fig10}

![(A) Tilt angle θ~SOL~ of water defined as the angle between the water dipole and the bilayer normal (*z*-axis). (B) The simulation box is divided into a number of slabs (labeled with different names, such as slab0, slab10, slab20, slab30, etc.) with equal thickness (0.1 nm) in the *z* direction.](ao0c01633_0003){#fig11}

###### Percentage of the H-Up and H-Down Populations for All OLE-Associated and PAL-Associated Waters

           OLE-associated water   PAL-associated water          
  -------- ---------------------- ---------------------- ------ ------
  TIPS3P   43.5                   56.5                   35.6   64.4
  TIP4P    51.5                   48.5                   40.2   59.8

3. Conclusions {#sec3}
==============

In this study, we carried out MD simulations of POPC/TIPS3P and POPC/TIP4P bilayer systems using the CHARMM36 force field. The simulated results for bilayer thickness and area per lipid are comparable to experiment and show an insignificant influence of water models used here. However, the dipole potential calculated with the TIPS3P water model, which is more than double of the experimental one, can be considerably improved by the TIP4P water model. A comparison was made between the TIPS3P and TIP4P water models in the calculations of the individual contributions of water and lipid to the dipole potential, showing the substantial change (more than 1.0 V) in the water and lipid contributions. This suggests that the choice of water models would influence the orientation of lipid headgroups and interfacial water molecules since the dipole potential is sensitive to the alteration in the orientation of molecular dipoles at the interface.

The RDF profiles constructed from the MD simulations revealed the effect of water models on the strength of interactions between lipid headgroups and water molecules. The MD results showed that the TIP4P model increases the average tilt angle ⟨θ~PN~⟩ of the P--N vector and decreases the population of N-down orientation compared to the TIPS3P model, consequently leading to the decrease in the lipid contribution to the dipole potential. In addition, we discovered that the C-up orientation is preferred for the carbonyl groups of both the oleoyl and palmitoyl chains and the choice of water models has a limited impact on the orientation of the carbonyl groups. This suggests that the TIP4P water model decreases the lipid contribution to the dipole potential by mainly influencing the orientation of lipid headgroups.

The preferential N-down orientation of lipid headgroups has a counteracting effect on interfacial water molecules, leading to the preferential H-up orientation of water dipole. However, on the lipid tail side of the headgroups, the preferential H-up orientation of water is reduced owing to the carbonyl groups of the oleoyl and palmitoyl chains, which is C-up-oriented. However, compared to the TIPS3P water model, the TIP4P water model increases the preference of the H-down orientation, which reduces the water contribution to the dipole potential. This suggests that the TIPS3P model enlarges the positive contribution of water to the dipole potential owing to the excessive preference of the H-up orientation.

Finally, our work revealed that the preferential orientation of the P-associated water and the N-associated water are opposite: the former favors the H-up orientation and the latter prefers the H-down orientation. This is consistent with recent experiments and MD studies. Interestingly, we discovered that the choice of water models has a limited impact on the preferential orientation of the P-associated and N-associated waters. In addition, the water models used here have a notable influence on the orientation of the OLE-associated and PAL-associated waters, suggesting that a reliable description of the interactions between water and carbonyl groups of lipid is of great importance for further understanding of the water structure at interface.

4. Methods {#sec4}
==========

4.1. Atomistic MD Simulations {#sec4.1}
-----------------------------

In this work, we carried out atomistic MD simulations of POPC lipid bilayer, in which the two water models (TIPS3P and TIP4P) were used, respectively. Each bilayer system, which contains 128 lipids and 5000 water molecules, was constructed using the PACKMOL program.^[@ref39]^ All MD simulations of the POPC lipid bilayers were performed using the CHARMM36 force field^[@ref28]^ in the simulation package GROMACS 4.6.7.^[@ref40]^ For each simulation, the initial configuration was minimized with the conjugate gradient (CG) method^[@ref41]^ and then with the steepest descent method. Subsequently, the minimized bilayer structure was equilibrated for 500 ps under NPT condition and then for 500 ps under NVT condition. Finally, an NPT production run was carried out for 500 ns and the last 400 ns MD simulation was used for final analysis. For all NPT production runs, an integration time step of 2 fs was used since the LINCS algorithm^[@ref42]^ was employed for constraining all of the bonds between heavy and hydrogen atoms. The constant temperature of 303 K was controlled using the Nose--Hoover thermostat,^[@ref43]^ and the semi-isotropic pressure (*z* and *x*--*y* planes) of 1 bar was maintained by employing the Parrinello--Rahman method.^[@ref44]^ Electrostatic interactions were computed with the particle mesh Ewald (PME) algorithm,^[@ref45]^ and van der Waals (vdW) interactions were calculated at a cutoff value of 1.4 nm.

4.2. Calculation of the Orientation of Interfacial Water Molecules {#sec4.2}
------------------------------------------------------------------

To measure the orientation of interfacial water molecules, we calculated the tilt angle θ~SOL~ of water, which is defined as the angle between the water dipole and the bilayer normal (*z*-axis), as shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}A. Before the calculation of θ~SOL~, each simulation box was divided into a number of slabs along the *z*-axis, each of which has an equal thickness (0.1 nm) in the *z* direction (see [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}B). All slabs were labeled with different names, such as slab0, slab10, slab20, slab30, etc. For example, slab10 is located at a distance of 1.0 nm from the bilayer center, slab20 is at the *z* distance of 2.0 nm from the bilayer center, and so on. Thus, the tilt angles θ~SOL~ (*z*) of water molecules in each slab were, respectively, calculated as a function of the *z* distance from the bilayer center.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01633](https://pubs.acs.org/doi/10.1021/acsomega.0c01633?goto=supporting-info).Schematic illustration of the P--N vector orientation, the OC orientation of the oleoyl and palmitoyl chains, orientation of water dipole vector, counteracting effect on the interfacial water molecules from the lipid hydrophilic groups, radial distribution function (RDF) of *g*(N--O), different types of interfacial water molecules ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01633/suppl_file/ao0c01633_si_001.pdf))
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